The addition of Fe 2+ is considered an effective method for increasing methane production, but the added Fe 2+ may not be absorbed by anaerobic microorganisms due to complex chemical reactions. In this study, ethylenediaminetetraacetic acid (EDTA) was used as a ligand of Fe 2+ (EDTA-Fe) to promote the dissolution of Fe, and the anaerobic performances of kitchen wastes (KWs) in a semi-continuous reactor were studied. The results indicated that the biogas yields and methane contents were enhanced to 594-613 mL·g −1 VS add ·d −1 and 63.6-64.4% at an organic loading rate (OLR) of 2.5 gVS add ·L −1 ·d −1 due to EDTA-Fe addition. Simultaneously, the EDTA-Fe was more effective than Fe 2+ in preventing the acidification of KWs with a high OLR (5.0 gVS add ·L −1 ·d −1 ). In addition, the sequential extraction results showed that the water-soluble fraction of Fe in the R3 (EDTA-Fe addition) was 1.49-fold of that in the R2 with Fe 2+ addition. The contents of coenzymes F420 and F430 were also improved 1.09 and 1.11 times, respectively. Mechanism analysis confirmed that the EDTA enhanced methane production and operational stability by promoting the dissolution of Fe and maintaining a high content of water-soluble Fe.
Introduction
The rapid development of the catering and food processing industries has led to an increase in kitchen wastes (KWs). In China, the production of KWs reached 911 million tons in 2015, while the actual disposal rate was only 5.25% [1] . Traditional treatment methods for KWs include landfills, composting, incineration, and use as animal feed [2] [3] [4] . However, the application of landfills has been restricted by land resource shortages and secondary pollution [2] . The high water content of KWs has affected the use of incineration and composting by increasing the operating costs of combustion and reducing the yield of recoverable resources, respectively [4] . Anaerobic digestion (AD) has been considered as an effective biological technique for treatment of KWs [5] . In the AD process, a lot of organic matter, such as carbohydrates, proteins, and lipids, is degraded and converted to biogas [6, 7] .
However, in the practical application of AD there are two key issues which need to be solved. One is the poor operational stability caused by the accumulation of volatile fatty acids (VFAs), and the other is the low organic loading rates (OLRs), which reduce reactor efficiency [8] [9] [10] . Previous studies have found that the trace elements contained in KWs themselves are not sufficient to meet the requirements of anaerobic microorganisms [11] . This disturbs the synthesis of coenzymes and cofactors in the methanogenic pathway [12, 13] . Supplementing trace elements into the AD system has been regarded as a good method to relieve VFA accumulation and recover/increase methane production under high OLR conditions [12, 13] .
Among a variety of trace elements, Fe is one of most commonly studied elements for its highest content in methanogens [13] . Fe is not only a growing factor for anaerobic microorganisms but also promotes the formation of ferroxins (Fd) and cytochromes, which are very important for energy metabolism [11] . In addition, Fe has been found to be useful in enhancing acetate utilization by methanogens and playing a positive role in the conversion of CO 2 to CH 4 [14] . However, recent research has indicated that the supplemented Fe might not be adsorbed by anaerobic microorganisms even when the total Fe content is optimal or excessive [15, 16] . In fact, before supplemented Fe 2+ coming into contact with microorganisms, it may precipitate with S 2− , CO 3 2− , or PO 4 3− , or complex with organic/inorganic ligands, which reduces the bioavailability of Fe [17] . In order to artificially enhance Fe bioavailability and decrease Fe dosage, some chelating agents have been used to form soluble complexes with Fe before their addition into an AD reactor [14, 18] . Zhang [17] has reported that ethylenediamine-N,N'-disuccinic acid (EDDS) chelated with Fe 2+ enhances the OLRs to 6.0 gVS·L −1 ·d −1 and decreases the Fe 2+ dosage by 50% in AD of food waste. Nevertheless, the high price of EDDS limits its application in AD [18] . Another common chelating agent, ethylenediaminetetraacetic acid (EDTA), has been successfully used in wastewater treatment, the food industry, and soil remediation [19] [20] [21] .
Recently, EDTA has shown its potential in enhancing biogas production from agricultural waste [14, 18] . However, there have been no semi-continuous or continuous experiments aimed at investigating the effects of EDTA on Fe bioavailability and methane production from KWs. Hence, semi-continuous experiments were conducted by us to study the effects of EDTA on AD performances (biogas yields, methane contents, VFAs, and pH) of KWs at different OLRs. Simultaneously, changes in Fe speciation in continuous stirring tank reactors (CSTR) were analyzed using the Bureau Communautaire de Reference (BCR) sequential extraction method. In addition, the mechanism for EDTA enhancing methane production from KWs was investigated by key enzyme activities.
Materials and Methods

Experimental Materials
KWs and Inoculated Sludge
The KWs were collected from a student dining hall in Nanjing Forestry University. The KW samples were crushed using an electrical blender, screened through a 10-mesh screen and then stored at 4 • C before use. The inoculated sludge used in this study was taken from an up-flow anaerobic sludge blanket (UASB) reactor treating beer wastewater. The detailed characteristics of KWs and inoculated sludge are shown in Table 1 . 
Experiment Set-Up
This experiment was carried out in three 2 L CSTR reactors (marked R1-R3) with a working volume of 1.5 L. R1 was fed KWs without Fe 2+ or EDTA addition and R2 was supplemented with Fe 2+ alone. In R3, both Fe 2+ and EDTA were added (EDTA-Fe). According to previous studies, the Fe 2+ concentration was determined to be 50 mg·L −1 (50% optimal dosage) and the molar ratio of EDTA to Fe 2+ was 1:1 [14, 17] . All reactors were flushed with N 2 for 10 min to ensure anaerobic conditions and the temperature was maintained at 35 ± 1 • C by thermostat water bath. The stirring speed in all reactors was set at 80 rpm.
All reactors were operated at OLRs of 2.5 (Phase I) and 5.0 (Phase II) gVS add ·L −1 ·d −1 for 30 days, respectively. The KWs were fed and discharged once a day. During the AD process, appropriate inoculated sludge was added into the reactors to compensate for the loss of anaerobic sludge. All reactors were sampled every day to measure VFA and biogas production. Enzyme activities, including those of F420 and F430, were determined every five days. The samples were collected on the 30th and 60th days of the experiment to analyze the Fe fraction.
Analytical Methods
The total solid (TS) and volatile solid (VS) were analyzed using a standard analytical method [22] . The C, H, and N were determined using an elemental analyzer (Vario EL cube, Elementar, Hanau, Germany). The pH was analyzed by pH meters (WTW pH 7310, Munich, Germany). Fe speciation was assessed using a modified BCR sequential extraction method [23] . Detailed extraction steps and methods have been described in the literature [17] . The Fe content in each extraction step was measured by an inductively coupled plasma emission spectroscope (iCAP 7200, Thermo Scientific, MA, USA).
The samples were centrifuged at 10,000 rpm for 10 min and then filtered through 0.45 µm membranes. The filtrate was analyzed for VFAs, F420, and F430. The VFAs were measured by gas chromatography (Agilent 6890 N, Palo Alto, CA, USA) and the total VFA amount was the sum of acetic, propionic, butyric, and valeric acids [24] . The concentration of F420 was determined using a fluorescence spectrophotometer [25] , and F430 was quantified according to previous literature [26] .
Biogas production was measured using a gas-sampling bag. The methane contents was determined using a gas chromatograph (GC-2014, Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector and a stainless steel column of dimensions 2 m × 4 mm with hydrogen as the carrier gas (25 mL·min −1 ) [27] . Biogas yields were defined as the volume of biogas (L) produced by unit mass of VS addition (g VS add ) per unit time (d) [17, 28] .
Results and Discussion
Methane Production
The changes in biogas yields and methane contents in R1-R3 are presented in Figure 1 . It was found that the average biogas yields and methane contents during the whole AD process followed the order R3 > R2 > R1. For example, the average biogas yields in R1-R3 were 489.69, 572.04, and 605.58 mL·g −1 VS add ·d −1 , with an OLR of 2.5 gVS add ·L −1 ·d −1 , respectively. It was confirmed that EDTA enhances the positive effects of Fe 2+ on methane production. Conversely, the continuous addition of EDTA had no negative impact on AD in this study. However, recent research has suggested no obvious changes of methane production are observed with Fe or EDTA-Fe addition in the AD process of rice straw, while EDTA addition alone enhances methane production [18] . This might be due to a big difference in the background value of Fe between rice straw and KWs. Additionally, R1-R3 exhibited good operational stability at low OLR (2.5 gVS add ·L −1 ·d −1 ). The fluctuation ranges of biogas yields (594-613 mL·g −1 VS add ·d −1 ) and methane contents (63.6-64.4%) in R3 were rather smaller than those in R1 and R2. As shown in Figure 1 , when the OLR was increased to 5.0 gVS add ·L −1 ·d −1 (), the biogas yields and methane contents in R1 decreased sharply, and finally failed on the 54th day. On the contrary, the biogas yields and methane contents in R2-R3 decreased slightly and then maintained stability, even at high OLRs. The change was consistent with previous studies, in which it was found that the addition of EDTA increases methane production by improving Fe bioavailability [17, 18] . Vintiloiu [14] has also demonstrated that the addition of EDTA-Ni has a simulative effect on biogas production and the stability of the AD process.
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VFA Concentration and Composition
It is well known that VFA accumulation is one of most important factors limiting methane production from KWs [12, 13] . It can be seen from Figure 2 , the VFA concentration and pH values in R1-R3 were all in the ranges 300-550 mg·L −1 and 7.2-7.6 on the Phase I, respectively. The pH and OLR provided suitable conditions for the growth and metabolism of anaerobic microorganisms, 
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Fe Speciation
There are five forms of Fe in the anaerobic reactor, such as water-soluble fraction, exchangeable/acid-soluble fraction, Fe/Mn oxide fraction, organic/sulfide fraction, and residual fraction [16] . The water-soluble fraction, directly absorbed by anaerobic microorganisms, has the highest bioavailability [16] . The exchangeable/acid-soluble fractions link to the water-soluble fraction through microbial uptake and release [16] . The Fe/Mn oxides and organic/sulfide fractions 
There are five forms of Fe in the anaerobic reactor, such as water-soluble fraction, exchangeable/ acid-soluble fraction, Fe/Mn oxide fraction, organic/sulfide fraction, and residual fraction [16] . The water-soluble fraction, directly absorbed by anaerobic microorganisms, has the highest bioavailability [16] . The exchangeable/acid-soluble fractions link to the water-soluble fraction through microbial uptake and release [16] . The Fe/Mn oxides and organic/sulfide fractions are potentially bioavailable and the residual fraction is the least bioavailable [30] . It is therefore necessary to analyze the chemical speciation of Fe in the AD reactor to understand the bioavailability of Fe. The distribution of different Fe fractions in R1-R3 is illustrated in Table 2 . On the 30th and 60th days, the water-soluble fraction of Fe in R1 was the lowest, as no Fe 2+ was added into this reactor. The water-soluble fraction of Fe in R2 was increased to 8.31% (on the 30th day) and 7.25% (on the 60th day) due to the addition of Fe 2+ , respectively. Meanwhile, an obvious increase in water-soluble Fe was observed in R3. The Fe in the water-soluble fraction on the 30th day was increased to 12.43% and the corresponding value on the 60th day was 11.37%. These values were almost 1.496-and 1.568-fold of those in R2, respectively. In addition, the exchangeable/acid-soluble fraction increased slightly, while other Fe fractions remained the same or decreased in R3. The results show that EDTA had the ability to promote the dissolution of Fe and maintain a high content of the water-soluble fraction in the semi-continuous reactor. Comprehensive analysis of Figure 1 and Table 2 indicates that the changes in biogas yields and methane contents were positively correlated with the percentage of water-soluble Fe. 
Enzyme Activity
As we know, enzymes play a very important role in the metabolism of methanogenesis; simultaneously, trace elements provide active potentials for the synthesis of coenzymes and cofactors [31] . Methanogenic activity therefore depends on the bioavailability of trace elements [32] . Coenzymes F420 and F430 are often used for analyzing the activity of methanogens [17, 26] . Figure 3 presents the changes in coenzyme F420 and F430 concentrations in R1-R3 during the AD process. It was found that R2 and R3 had higher coenzyme activities than R1. Under the stable conditions of Phase I, the average concentrations of coenzyme F420 in R2 and R3 reached 1.34 and 1.46 µmol·L −1 , respectively, which was 1.18-and 1.29-fold of that in R1. The corresponding coenzyme F430 concentrations (4.13 and 4.57 µmol·L −1 in R2 and R3, respectively) were also much higher than that in R1 (3.18 µmol·L −1 ). It was also observed that the activities of F420 and F430 in R3 were 1.09-and 1.11-fold of that in R2, indicating that the EDTA-Fe addition had greater positive effects on key coenzymes activities than Fe 2+ addition. In addition, the F420 and F430 concentrations on the Phase II were lower than that on Phase I, exhibiting a similar tendency to the values for methane production and the water-soluble fraction of Fe. The results clearly show a good correlation between the coenzymes F420/F430 and water-soluble Fe, and also confirm the simulative effects of EDTA-Fe on methane production. 
Conclusions
This experiment has demonstrated that EDTA-Fe improves methane production and operational stability from KWs in a semi-continuous anaerobic reactor. The results showed that the EDTA-Fe obtained higher biogas yields and methane contents and simultaneously accelerated the conversion from VFAs to methane, even at high OLR. In addition, the addition of EDTA was proven to be effective in promoting the dissolution of Fe and maintaining the high content of the water-soluble fraction, which stimulated the synthesis of the key enzymes F420 and F430.
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